Background {#Sec1}
==========

Models for genetic evaluation are an oversimplification of reality that usually holds only in the short run and in closely-related populations. Their properties are rarely well known, which can lead to unexpected results. For instance, initial applications of genomic predictions of breeding values (GEBV) in dairy cattle led to biases, with young "genomic" selected bulls with high GEBV being overpredicted, as verified by posterior progeny testing \[[@CR1]--[@CR3]\]. As a result, further use of GEBV in the dairy industry required extensive cross-validation and a more formal analytical framework \[[@CR4]--[@CR6]\].

The introduction of new methods for genetic or genomic evaluation raises the question of model choice (comparing across models) and model quality (features of a particular model). Thus, we need tools to rank, understand and quantify the behavior of prediction models in an "animal breeding" context. The need for these tools has dramatically increased with the implementation of genomic selection, given its built-in encouragement to take riskier decisions such as selection of unproven young candidates, in particular in dairy cattle. The method that is most commonly used to check genomic predictions is some form of cross-validation, a test that was rarely used in pedigree-based genetic evaluation studies, which relied primarily on progeny testing (but see \[[@CR7], [@CR8]\]). In genomic prediction, cross-validation studies are indeed the norm \[[@CR4], [@CR9], [@CR10]\].

Cross-validation tests rely on either one of two approaches: (1) comparing (G)EBV or predicted phenotypes to (pre-corrected) observed phenotypes, deregressed proofs, or yield deviations \[[@CR9]\]; or (2) comparing (G)EBV to highly accurate EBV from progeny testing. Another approach, which is in between the two above approaches, is based on daughter yield deviations (DYD; \[[@CR6]\]), which are close to highly accurate EBV if heritability is high and the number of daughters is large. Cross-validation is very useful but there are some concerns about the quality or adequacy of these approaches for several reasons, including: (a) the need to pre-correct phenotypes; (b) the growing difficulty to obtain unbiased estimates of DYD with the increasing use of non-progeny tested bulls selected based on GEBV; and (c) their inadequacy for indirect predictions such as those of maternal effects, for which there is no direct observation related to the animal. Apparent contradictions exist, such as lower accuracy of GEBV than that of pedigree EBV \[[@CR5], [@CR11]\], or accuracies higher than 1 for lowly heritable traits. For a detailed review of cross-validation in animal breeding and its metrics, we refer the reader to our review \[[@CR12]\].

Cross-validation is a good tool but has some limitations as discussed above. Thus, there is an increasing need for a simple general tool that can be used in several complex scenarios, including for traits with a low heritability (e.g. reproductive and fitness traits), for indirectly observed traits (random regression coefficients, maternal effects, GxE interactions), and with limited size of progeny test groups (e.g., pigs). Here, we propose to complement cross-validation approaches with semiparametric procedures based on the classical theory of genetic evaluation.

Semiparametric procedures based on the mixed model equations are appealing because they combine theory, which we know is approximately and/or asymptotically correct, with model-free evidence from data. In the 1990's, there was some effort to develop such procedures \[[@CR13]\]. Reverter et al. \[[@CR14]\] showed that the amount of change in EBV from one genetic evaluation to the next (i.e., with the arrival of "new" data) was predictable. In parallel, bias in across-country predictions \[[@CR15], [@CR16]\] led to the introduction of the Interbull tests \[[@CR17]\], which draw on a similar idea. This family of methods has been used to check unbiasedness of predictions and, in the case of the Interbull tests, relies heavily on the availability of progeny tests based on large numbers of daughters.

In this work, we draw on analytical results from \[[@CR14]\] and present theoretical features of semi-parametric procedures, namely method LR (from "linear regression"). These procedures are a series of statistics, which describe the change of predictions from "old" to "recent" evaluations that can be used to compute and compare population accuracies and biases of (genomic) predictions. We also explore analytical properties of the ability to predict future phenotypes, sometimes called "predictivity". Then, we illustrate the method with deterministic results for simple designs and for experimental beef cattle data.

This work proposes estimates of the "population" accuracy, which is the correlation between true (TBV) and estimated breeding values (EBV) across individuals in a population. Population accuracy is relevant to compare the predictive ability of models and to maximize genetic progress. This work does *not* propose methods to estimate individual accuracies, which are a measure of the risk when choosing a particular animal for breeding \[[@CR18]\].

Methods: analytical developments {#Sec2}
================================

We propose to test the quality of evaluation methods using cross-validation tests based on successive EBV of a set of "focal" individuals (a validation cohort). These "focal" individuals can be the whole population \[[@CR14], [@CR19]\] or a set of "focal" individuals of interest, such as "genomic" candidates for selection \[[@CR6]\].

We will use the convention that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$var\left( {\mathbf{x}} \right)$$\end{document}$ refers to a scalar, the variance of a random element from a single realization of random vector $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathbf{x}}$$\end{document}$ (in other words, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$var\left( {\mathbf{x}} \right) = \frac{1}{n}\mathop \sum \nolimits_{i} x_{i}^{2} - \left( {\frac{1}{n}\mathop \sum \nolimits_{i} x_{i} } \right)^{2}$$\end{document}$ where *n* is the size of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathbf{x}}$$\end{document}$), whereas $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Var\left( {\mathbf{x}} \right)$$\end{document}$ refers to the variance--covariance matrix of elements in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathbf{x}}$$\end{document}$ during conceptual repetitions. We use a similar convention for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$cov\left( {{\mathbf{x}},{\mathbf{y}}} \right)$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r\left( {{\mathbf{x}},{\mathbf{y}}} \right)$$\end{document}$, which are scalars that represent the covariance and correlation across elements in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathbf{x}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathbf{y}}$$\end{document}$, whereas $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Cov\left( {{\mathbf{x}},{\mathbf{y}}} \right)$$\end{document}$ is a matrix.

Definition of population accuracy, bias, and dispersion {#Sec3}
-------------------------------------------------------
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Statistics to test the quality of evaluation methods in brief {#Sec4}
-------------------------------------------------------------

Consider successive evaluations with "partial" and "whole" data ($\documentclass[12pt]{minimal}
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Proofs of the adequacy of the statistics {#Sec5}
----------------------------------------

In the following, we prove that the statistics described above are related to bias, slope and accuracies. We make repeated use of the following results for biquadratic forms \[[@CR30]\]: consider random vectors $\documentclass[12pt]{minimal}
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Considering our problem, we make the hypothesis that the two genetic evaluations (e.g. males *before* ("partial") and *after* ("whole") progeny testing) have different means:$$\documentclass[12pt]{minimal}
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### Averages of estimated breeding values to estimate bias {#Sec6}
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### Quadratic forms of estimated breeding values {#Sec7}

For the method R of covariance estimation, it is recommended that the dispersion (relationship) matrix $\documentclass[12pt]{minimal}
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However, these weighted quadratic forms lead to estimators that are difficult to understand. Hence, in the following, we will use "unweighted" quadratic forms.

The quadratic form using not-centered $\documentclass[12pt]{minimal}
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To remove dependence of the quadratic form above on means, it makes sense to use centered $\documentclass[12pt]{minimal}
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The remaining quadratic forms needed for our developments are:$$\documentclass[12pt]{minimal}
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In the remainder of this paper, we assume that the expectation of a ratio of quadratic forms is equal to the ratio of the expectations. The "[Appendix](#Sec26){ref-type="sec"}" shows that this holds when the number of individuals included in the statistics is large (several hundred or more) or when they are not structured into very large sibships. Otherwise, as shown in the "[Appendix](#Sec26){ref-type="sec"}", both the true regression coefficient $\documentclass[12pt]{minimal}
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### Quadratic forms of estimated and true breeding values {#Sec8}
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Derivation of statistics to test the quality of evaluation methods {#Sec9}
------------------------------------------------------------------

### Comparison of means of EBV from whole and EBV from partial data {#Sec10}
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### Regression of EBV from whole data on EBV from partial data {#Sec11}
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Note that this expectation involves PEV and off-diagonal PEC. Importantly, it must hold that $\documentclass[12pt]{minimal}
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### Correlation of EBV from whole and EBV from partial data {#Sec12}
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This statistic is composed of three quadratic forms and assuming that the square root of the expectation is equal to the expectation of the root, it gives:$$\documentclass[12pt]{minimal}
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### Estimation of accuracy from the covariance of EBV based on whole and EBV based on partial data {#Sec13}

We can get a direct estimator of accuracy (and not of ratios of accuracies) from $\documentclass[12pt]{minimal}
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### Regression of EBV from partial data on EBV from whole data {#Sec14}
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### Effect of over/underdispersion of breeding values on statistics {#Sec15}

Statistics used to compute slopes and accuracies deal well with regular bias ($\documentclass[12pt]{minimal}
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The regression of EBV from whole on partial data, $\documentclass[12pt]{minimal}
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The reverse regression of EBV from partial on whole data, $\documentclass[12pt]{minimal}
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Note that equivalent biases result when $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta_{w}^{2} > \theta_{p}^{2} \ge 1$$\end{document}$, i.e. when there is more overdispersion with more data or with recent data. Thus, regression of EBV from whole on partial data informs about over/underdispersion, regression of EBV from partial on whole data can be interpreted as a function of accuracies, and the correlation of EBV from partial and whole data is useful as a ratio of accuracies.

Predictivity: correlation of EBV with precorrected data {#Sec16}
-------------------------------------------------------

A very common strategy in cross-validation tests is to compare predictions of EBV with precorrected phenotypes for the predicted individuals \[[@CR9], [@CR10]\], i.e. using $\documentclass[12pt]{minimal}
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                \begin{document}$$\varvec{y}_{new}^{*}$$\end{document}$ is the precorrected "new" data available in the whole data. It is, however, not clear whether this is a valid estimator of accuracy and what the effect of precorrection is. Here we derive some results that show that the use of precorrected data can be problematic in some cases: many levels of the main environmental effect or wrong variance components.

Precorrected data are obtained with the whole dataset using $\documentclass[12pt]{minimal}
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Now, we will consider only new data that are not in the partial dataset and assume for simplicity one record per individual. We further assume that the new data are only affected by a single fixed effect (say contemporary group), such that:$$\documentclass[12pt]{minimal}
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which yields the following expectations for $\documentclass[12pt]{minimal}
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Thus, the cross-validation correlation of EBV with precorrected phenotypes depends on population accuracy, heritability, and errors in estimates of fixed effects. If fixed effects are estimated with high precision $\documentclass[12pt]{minimal}
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If we divide the square of this by the population heritability $\documentclass[12pt]{minimal}
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Thus, if there has been no selection, we can estimate accuracy from cross-validation as: $\documentclass[12pt]{minimal}
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Comparison with current Interbull validation procedures {#Sec17}
-------------------------------------------------------

The Interbull method \[[@CR6]\] uses a simple regression that can be written as $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{rel}$$\end{document}$ is the average reliability of the EBV of bulls based on progeny. Here, as in the analysis on predictivity, off-diagonals are ignored, which should not affect results if progeny numbers are large enough.

Markers considered as "new" data: pedigree BLUP and (SS)GBLUP {#Sec18}
-------------------------------------------------------------

The addition of marker genotypes to a pedigree-based BLUP genetic evaluation can also be viewed as having "more data", e.g. on a correlated trait \[[@CR38], [@CR39]\]. Thus, a way to check the increase in accuracy from adding marker information (e.g. from BLUP to GBLUP) is to view the data with marker genotypes as "whole" and the data without markers as "partial". Using $\documentclass[12pt]{minimal}
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The procedure above uses the same phenotypes for the evaluations with either $\documentclass[12pt]{minimal}
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Data: example using beef cattle data {#Sec19}
====================================

Animal population, genotypes and phenotypes {#Sec20}
-------------------------------------------

The statistics described above were tested in a real-life dataset. We used genetic and phenotypic resources (for details see Table [1](#Tab1){ref-type="table"}) from Brahman cows (N = 995) and bulls (N = 1116) that have been widely described in the recent literature \[[@CR40]--[@CR42]\]. Yearling body weight (YWT) computed from the average of all body weights recorded between 300 and 420 days of age was used as the phenotype. The 2111 Brahman cattle were genotyped using either the Illumina BovineSNP50 BeadChip (Illumina Inc., San Diego, CA; \[[@CR43]\]) or the BovineHD panel (Illumina Inc., San Diego, CA) that includes more than 770,000 single nucleotide polymorphisms (SNPs). Animals that were genotyped using the lower density array had their genotypes imputed to higher-density, as described previously \[[@CR44]\]. The imputation was performed on 30 iterations of BEAGLE \[[@CR45]\], using 519 individuals genotyped using the BovineHD chip as reference. After imputation, we retained genotypes on 729,068 SNPs, of which 651,253 were mapped to autosomal chromosomes and had a minor allele frequency (MAF) higher than 1% and were used to build the genomic relationship matrix (GRM) according to Method 1 in \[[@CR46]\].Table 1Summary statistics for age and body weight (YWT) in yearling records used in the beef cattle data exampleSexNVariableMeanSDMin.Max.Cows995Age (days)361.7712.68323400BWT (kg)209.7330.54115299Bulls1116Age (days)359.1020.54302416BWT (kg)243.7129.17138353

Procedure to generate partial datasets and cross-validation statistics {#Sec21}
----------------------------------------------------------------------

The data described above comprised the whole dataset. One thousand partial datasets were generated by setting a random 50% of records missing. It is worth noting that these animals are contemporaries (the resource population spans a few years and animals are not descendants from each other) and, therefore, there are no issues related to selection.

A simple breeding value mixed-model was used for the analysis of YWT with the fixed effects of contemporary group (combination of sex, year and location), age of dam at birth in year classes, and age at measurement as a covariate, and the random additive polygenic effects and residuals as random effects. Variance components estimates and BLUPs of breeding values were obtained using the Qxpak5 software \[[@CR47]\]. All datasets were analyzed using both the pedigree-based numerator relationship matrix (NRM) and the SNP-based genomic relationship matrix (GRM).

Table [2](#Tab2){ref-type="table"} lists the 16 statistics that were used to compare EBV from the whole and partial datasets. Note that in order to highlight the impact of the data partitioning, some of these statistics were computed separately for the individuals in the whole and the partial datasets, in the same context as 'reference' and 'validation' individuals, respectively. For instance, $\documentclass[12pt]{minimal}
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Table [3](#Tab3){ref-type="table"} provides summary metrics (mean, standard deviation, minimum and maximum) for the 16 statistics across the 1000 partial datasets obtained using the NRM and the GRM. The means are also presented in the bar diagram of Fig. [1](#Fig1){ref-type="fig"}. Notable changes from using NRM versus GRM were the 66.5% increase in the estimated heritability (from 0.260 to 0.433), the 21.4% increase in $\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"} presents a heatmap of the correlation matrix among the 16 statistics obtained using the NRM and the GRM. The individual values are provided in Additional file [1](#MOESM1){ref-type="media"}: Tables S1 and S2. We observed a strong negative correlation ($\documentclass[12pt]{minimal}
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One metric of interest is the correlation of EBV with precorrected phenotype (i.e., $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r\left( {\varvec{y}_{new}^{*} ,\hat{\varvec{u}}_{p} } \right)$$\end{document}$ denoted here as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r\left( {y_{v} ,\hat{u}_{v} } \right)$$\end{document}$) since this is one of the most frequent measures of accuracy in cross-validation studies. Quite encouraging is the high correlation observed between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r\left( {y_{v} ,\hat{u}_{v} } \right)$$\end{document}$ and the regressions of EBV from whole on EBV from partial data (i.e. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_{w,p}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_{w,p}^{r}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_{w,p}^{v}$$\end{document}$), which ranged from 0.604 to 0.746, as well as the high positive correlation of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r\left( {y_{v} ,\hat{u}_{v} } \right)$$\end{document}$ with the correlations between "whole' on "partial' (i.e. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho_{w,p}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho_{w,p}^{r}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho_{w,p}^{v}$$\end{document}$), with a maximum correlation of 0.806 between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r\left( {y_{v} ,\hat{u}_{v} } \right)$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho_{w,p}^{v}$$\end{document}$. These results illustrate that the proposed metrics, particularly $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho_{w,p}^{v}$$\end{document}$, are also estimators of the accuracy of EBV based on the partial (earlier) data (termed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$acc_{p}$$\end{document}$ in our algebraical derivations).

Striking is the novel finding of the strong negative correlation of $\documentclass[12pt]{minimal}
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Between two competing measures of accuracy, the measure that is more closely related to changes in predictions will be preferred. Based on this and our results, we conclude that $\documentclass[12pt]{minimal}
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Discussion {#Sec23}
==========

Thompson \[[@CR13]\] outlined and discussed methods for the statistical validation of genetic models for genetic evaluation \[[@CR14], [@CR17], [@CR48]\]. He emphasized the need for the statistical models to be based on genetic considerations. Today, different genetic considerations (e.g. oligogenic vs polygenic models) may lead to different prediction models, in particular in the area of genomic selection. Thus, the question "which model is best?" is today more important than ever. In this work, we attempt to provide quantitative geneticists with a set of tools to make their own decisions.
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                \begin{document}$$cov\left( {u,\hat{u}} \right) = var\left( {\hat{u}} \right)$$\end{document}$ holds under quite restrictive conditions \[[@CR30], [@CR33]\]. In a frequentist context, Henderson \[[@CR28], [@CR32]\] proved that selection can be ignored if the model is correct, selection is contained "in the data", and under the assumption of multivariate normality. In a Bayesian context, Sorensen et al. \[[@CR34]\] proved that selection can be ignored if the evaluation model is correct. However, models are rarely correct, at most they are robust. In particular, the widely used animal model that includes unknown parent groups \[[@CR51]\] is biased by construction, because genetic groups are due to genetic selection but fitted as fixed effects, which ignores established genetic theory \[[@CR52]\].

It may be argued that for the results in \[[@CR14]\] to hold (roughly, future errors in prediction are not correlated to current errors in prediction), future data does not need to depend on past data. This is, however, not the case if there is selection: unborn progeny of unselected animals do not yield data. In principle, models should consider selection correctly, if all information is included. A counterexample where, old data affect future errors of prediction is as follows. Consider EBV ($\documentclass[12pt]{minimal}
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                \begin{document}$$u_{w}$$\end{document}$. If there is no selection, there is no problem, but this is rarely the case, and it is actually selection that creates bias due to an increase in the genetic level of the trait and a reduction in genetic variance.

Thus, we see the process of estimation of accuracy and bias of EBV by our proposed method LR as a double process. First, *checking* of the model in order to have a model that empirically has the "best" properties (estimation of bias); and then, *estimation* of its accuracy. We propose the following two-step praxis approach. First, to ascertain as best as possible that models are empirically unbiased using the statistics $\documentclass[12pt]{minimal}
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                \begin{document}$$b_{w,p}$$\end{document}$ which should have values 0 and 1, respectively---perhaps using, if not all, many animals (as in the original paper of Reverter et al. \[[@CR14]\]). Second, for all models that are empirically unbiased, accuracies can be compared based on the proposed statistics, which rely on unbiasedness.

Still, there is a problem in method LR, and in all methods that rely on linear regression of "predictands" (pseudo-TBV from accurate progeny testing, less accurate EBV or precorrected records) on "predictors" (typically EBV). As shown in the "[Appendix](#Sec26){ref-type="sec"}", due to family structure and the not complete accuracy of EBV, the *true* value of the regression of TBV on EBV, i.e. the "true" $\documentclass[12pt]{minimal}
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                \begin{document}$$E\left( b \right)$$\end{document}$ from 1 is important if the cohort, or focal group, is small and related, and it does not depend on the quality of the "predictand". Therefore, our recommendation is to use large cohorts for validation. This bias inherent to cross-validation analysis deserves further examination in future studies.

Fixing the models to observe constraints on estimated bias should be based on rigorous genetic or statistical arguments (i.e. re-estimating variance components and heritabilities), rather than quick fixing procedures such as multiplying by constants, manipulating relationships or changing hyper-parameters of prior distributions. For instance, \[[@CR53]\] found empirically that equaling statistics of $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathbf{G}}$$\end{document}$ provided unbiased predictions, but this has a genetic interpretation of modelling selection and drift from the base to the genotyped population \[[@CR54], [@CR55]\].

In the analysis of genetic trend for litter size in pigs, Sorensen et al. \[[@CR48]\] also emphasized "forward" cross-validation for model checking, using what we called in this paper "predictivity", instead of relying solely on model-based predictions. Recently, Putz et al. \[[@CR56]\] tested by simulation several methods to validate accuracies by cross-validation. They reported poor performance of comparisons of (in our notation) $\documentclass[12pt]{minimal}
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We have shown that precorrection of phenotypes using whole data may bias the result of predictivity. This is particularly relevant for small contemporary groups such as in dairy or beef cattle as opposed to, say, sheep or aquaculture species. Some measure of error in precorrection due to estimation of contemporary groups should be reported in cross-validation results. Although the ranking of methods should be similar, estimates of population accuracies may be biased. Comparing $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{u}_{p}$$\end{document}$, as we propose in this work, might be a better option, although it involves more parametric assumptions.

One final consideration involves discussing the difference between population and individual accuracy. Quoting \[[@CR18]\]: "For response to selection, the \[population\] accuracy should reflect the correlation between true and EBV in the candidates for selection, which is a property of a population, not of an individual. For the stability of EBV, the accuracy should reflect the standard error of an EBV, which can be defined for a single individual." Our work deals with population accuracies, not with individual accuracies. The former are useful for model selection and for genetic gain; the latter are useful for individual decisions. The population accuracy is not a function of individual accuracies. For instance, consider full sibs that are evaluated by using parent average and for which their parents are known exactly: individual accuracy is 0.71. However, population accuracy is 0, since all full-sibs have exactly the same parent average. Thus, population accuracies involve both individual reliabilities and co-reliabilities \[[@CR24], [@CR25]\].

Conclusions {#Sec24}
===========

In this paper, we present properties of cross-validation measures obtained from successive genetic evaluations. These measures allow estimation of population accuracies and biases, which are of interest to quantitative geneticists in general, and animal and plant breeders in particular. We hope that with these tools, researchers can report and compare competing prediction models, in particular for complex cases such as for lowly heritable traits or for indirect genetic values such as maternal effects.

Additional file
===============

 {#Sec25}

**Additional file 1: Tables S1 and S2.** Correlation among the 16 statistics employed in the cross-validation study of the beef cattle dataset using the pedigree-based NRM or the SNP-based GRM (NB: These are the values used to generate the left and right panels of Fig. [2](#Fig2){ref-type="fig"}

Appendix {#Sec26}
========

In this Appendix, we quantify the possible systematic error in $\documentclass[12pt]{minimal}
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